1. Introduction {#s0005}
===============

Bone metastases commonly occur during the progression of cancer, including both solid tumors and multiple myeloma. Although any malignancy may metastasize to bone, bone metastases are most commonly seen in advanced breast (70--80%), prostate (70--80%), thyroid (60%), lung (10--50%), and renal cancers (30%) ([@bb0060]). The bones of the pelvis, upper leg, skull, and hip are most commonly affected ([@bb0115]). Estimates suggest that in 2012, approximately 330,000 adult patients in the USA were living with solid tumors and bone metastases ([@bb0070]). Bone metastases have a significant negative impact on the lives of patients and represent a significant resource burden for healthcare systems ([@bb0120]).

Bone metastases disrupt the normal process of bone production by osteoblasts, as well as bone remodeling and resorption by osteoclasts, leading to symptoms such as bone pain ([@bb0060]). Other common clinical manifestations include pathological bone fractures, spinal cord compression, and the development of bone lesions, requiring the need for bone surgery and/or radiotherapy ([@bb0060]). Collectively, these clinical symptoms are often referred to as skeletal-related events (SREs) and are one of the most common complications of bone metastases in patients with solid tumors or multiple myeloma ([@bb0060]). The development of SREs is associated with poor long-term prognosis, negative impact on health-related quality of life, and higher probability of new bone events occurring ([@bb0060]). Therefore, it is important to identify which patients are at increased risk of SREs and which treatments effectively reduce the risk of SREs. However, conventional methods of measuring SREs, such as bone mineral densitometry, scintigraphy, and plain X-rays ([@bb0035]), can be imprecise and rely on detecting changes after events have occurred.

Numerous biochemical markers produced by osteoblasts and osteoclasts may provide an alternative means of measuring skeletal health and treatment response in bone metastases. Assessments of serum or urinary levels of bone turnover markers may provide a simpler, more rapid, and more convenient way of detecting changes in skeletal health or bone lesion progression ([@bb0035]). The ideal marker would need to be both sensitive and specific, and several candidate markers, including urinary N-telopeptide of type 1 collagen (uNTX) and bone-specific alkaline phosphatase (bone ALP), have been suggested ([@bb0060]; [@bb0035]; [@bb0040]). However, research is still required to establish the most appropriate surrogate marker for SREs ([@bb0040]).

The mediation of bone destruction by osteoclasts requires the receptor activator of NF­κB ligand (RANKL) ([@bb0100]; [@bb0130]). Preclinical models have shown that cancer cells increase RANKL and decrease osteoprotegerin expression by osteoclasts ([@bb0045]; [@bb0180]). Tumor cells induce osteoclast activation through RANKL, which subsequently releases growth factors and mediates bone resorption, resulting in a cycle of bone destruction and tumor proliferation ([@bb0135]). Bone ALP hydrolyzes pyrophosphate, thus removing an inhibitor of osteogenesis while creating the inorganic phosphate required for development and deposition of hydroxyapatite ([@bb0010]); it is therefore viewed as a reflection of osteogenesis ([@bb0040]), whereas NTX is viewed as a reflection of osteolysis ([@bb0040]). Crosslinked N-telopeptide is an amino-terminal peptide of mature type I collagen and is released during bone resorption ([@bb0175]). NTX molecules are mobilized by osteoclasts and subsequently excreted in the urine (as uNTX). NTX has been identified as a sensitive marker of bone metastases from prostate, breast, and lung cancer, as well as bone lesions associated with multiple myeloma ([@bb0035]).

This systematic review explores the relationship between the change in uNTX at the earliest time of steady state and the longer-term risk of SREs; the same relationship for bone ALP was also investigated for exploratory purposes. Change in uNTX at week 13 was considered based on trials of intravenous bisphosphonates on levels of bone turnover and evidence of rapid and sustained suppression of bone turnover markers following treatment with denosumab suggesting a steady state ([@bb0050]; [@bb0105]). uNTX was our primary focus as most drugs affect markers of both osteoblasts and osteoclasts in the same direction, and it is hypothesized that osteoclast activity has a greater effect on the risk of SREs. Our analyses inform the feasibility of using bone markers as surrogate outcomes for SREs.

2. Materials and methods {#s0010}
========================

The literature searches and systematic review adhered to published methods, including those recommended by the Cochrane Collaboration ([@bb0075]) and Centre for Reviews and Dissemination (CRD), UK ([@bb0030]), in order to minimize the risk of bias and error.

2.1. Literature search strategy {#s0015}
-------------------------------

Nine bibliographic databases were searched from inception to June 2017: MEDLINE; MEDLINE In-Process Citations and Daily Update; MEDLINE Epub Ahead of Print; EMBASE; Cochrane Database of Systematic Reviews (CDSR); Cochrane Central Register of Controlled Trials (CENTRAL); PubMed; Database of Abstracts of Reviews of Effects (DARE); and Health Technology Assessment Database (HTA). The search strategies combined relevant terms comprising indexed keywords (eg Medical Subject Headings, MeSH in MEDLINE, EMTREE in EMBASE) and free-text terms appearing in the titles and/or abstracts of database records, and included search filters specifically designed to retrieve randomized controlled trials (RCTs) and observational studies. Full search strategies are provided in the Supplementary Material. Supplementary searches were conducted to identify completed and ongoing trials by searching the clinical trial registers, National Institutes of Health (NIH) [ClinicalTrials.gov](http://ClinicalTrials.gov){#ir0035} (<http://www.clinicaltrials.gov/>) and World Health Organization (WHO) International Clinical Trials Registry (<http://www.who.int/ictrp/en/>), up to June 9, 2017. Searches were not limited by language, publication status (unpublished or published), or date of publication. Additional unpublished material and copies of US Food and Drug Administration (FDA) reports were provided by Amgen International.

2.2. Selection criteria {#s0020}
-----------------------

Eligible studies met the following inclusion criteria: RCTs, placebo-controlled studies, single-arm studies with no comparator, and prospective cohort studies reporting data for adult patients (≥18 years old) with bone marrow metastases from solid tumors or bone lesions from multiple myeloma that compared one or more of the following treatments with each other, placebo, or no treatment:•Denosumab•Sodium clodronate, clodronic acid, or clodronate disodium•Disodium pamidronate, pamidronic acid, or pamidronate disodium pentahydrate•Ibandronic acid or ibandonate•Zoledronic acid or zoledronate•Etidronate or etidronate disodium•Risedronate•Alendronate

Studies had to report both SRE outcomes (pathological fracture, spinal cord compression, necessity for radiation to bone \[for pain or impending fracture\], surgery to bone) and change from baseline in uNTX or bone ALP at a minimum of a full 12 weeks of follow-up or uNTX/bone ALP results at baseline and Week ≥13. Relevant SRE outcomes were expressed as hazard ratio (HR), risk ratio (RR), or event data per patient. Studies that evaluated different dosing schedules for the same treatment (eg zoledronate 4 mg every 4 weeks \[Q4W\] vs every 12 weeks \[Q12W\]) were excluded from the analyses.

Titles and abstracts were independently screened for relevance by two reviewers, and full-text articles of studies considered potentially relevant were subsequently assessed for inclusion. Disagreements at any stage of study selection were resolved through discussion and consensus, or by consultation with a third reviewer.

2.3. Data extraction and management {#s0025}
-----------------------------------

The data extraction process was performed by two reviewers, with one reviewer extracting the study data and a second reviewer checking the data against the original study publication. Any discrepancies were resolved through discussion. If bone marker data were presented only in a figure, we estimated values reported closest to week 13 using the plot digitizer software DigizeIt (<http://www.digitizeit.de/>).

2.4. Quality assessment {#s0030}
-----------------------

The methodological quality of included studies was assessed using the Cochrane Collaboration\'s tool for assessing risk of bias in randomized trials ([@bb0080]). This process was performed by two reviewers, with one reviewer completing the initial assessment and a second reviewer checking the assessment against the original study publication; for six studies, the assessment considered additional information in the form of study protocols supplied by Amgen International ([@bb0050]; [@bb0105]; [@bb0005]; [@bb0055]; [@bb0065]; [@bb0155]).

2.5. Data synthesis and analysis {#s0035}
--------------------------------

Meta-regression analyses were used to model the relationship between uNTX and SREs. A linear regression model weighted by the inverse variance of log (HR) of SRE was used to account for differences in trial sizes. The analyses were performed with Stata version 13.1 and SAS version 9.4. The estimate of uNTX effect, corresponding 95% confidence interval (CI), *P* value based on t-statistics, and weighted R^2^ were provided. As the statistical distribution of percentage change data was likely to deviate from normality, the change from baseline in natural logarithm (ln)-transformed values of uNTx (which are expected to fit normality) was used. Owing to the monotonic transformation between log ratio and percentage change, any percentage change data available for a study were easily transformed into log ratios.

The following meta-regression analyses were performed for uNTX values:•Log (HR) of SRE and difference in log (post-baseline/baseline) uNTX•Log (HR) of SRE and difference in log (post-baseline/baseline) uNTX with imputing of missing HR of SRE by RR of SRE

uNTX reduction was measured by the between-group difference in the natural logarithm of the ratio between uNTX at week 13 and baseline, which is log (week 13/baseline) for arm 1 -- log (week 13/baseline) for arm 2, and can also be expressed as (log \[week 13\] -- log \[baseline\]) for arm 1 -- (log \[week 13\] -- log \[baseline\]) for arm 2. As the statistical distribution of the serum concentration data might deviate from normality, the natural log-transformed values of uNTx (which are expected to fit normality) were used.

The study aimed to explore the relationship between change in the bone turnover marker uNTX at the earliest time of steady state and risk of SREs. Each study has its own uNTX reduction and corresponding RR/HR. The data from different studies were analyzed together. This is based on the assumption that a change in uNTX between groups, whether placebo or an active comparator, should result in a difference in the risk of SRE. Data were first analyzed at week 13. We also conducted a combined analysis as 'log HR of SRE and difference in log (after week 13/baseline) uNTX', which combined the week 13 data with data beyond week 13.

The analyses were repeated for exploratory purposes using bone ALP data in place of uNTX.

Data are illustrated using a circle to represent each study, and the size of the circle is proportional to the inverse of variance of log (HR) (or log \[RR\] of SRE if log \[HR\] is missing) for an individual study against the regression line.

3. Results {#s0040}
==========

3.1. Overview of included studies {#s0045}
---------------------------------

The searches identified 13,381 references. From these records, 155 full papers were obtained and screened in detail by two independent reviewers to determine whether they fulfilled the review inclusion criteria. After subsequent detailed review, 45 publications reporting 15 studies were selected as meeting all the inclusion criteria; a further two publications (FDA reports), supplied by Amgen, were also included. Therefore, 17 studies in total were included in this systematic review. We identified one ongoing study ([@bb0165]). Details of the included studies are provided in Supplementary Table 1, and excluded publications and the reasons for exclusion are provided in Supplementary Table 2. A summary of the search, screening, and assessment process is presented in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Summary of study flow and selection.\*One Amgen study was identified as a trial registry entry but was only included after additional information was provided by Amgen. Some unpublished data from Amgen trials are included: [NCT00321464](NCT00321464){#ir0005}, [NCT00330759](NCT00330759){#ir0010}, [NCT00321620](NCT00321620){#ir0015}, [NCT01345019](NCT01345019){#ir0020}, [NCT00091832](NCT00091832){#ir0025}, [NCT00104650](NCT00104650){#ir0030}Fig. 1

All 17 included studies were parallel RCTs with both SRE-related endpoints and either uNTX or bone ALP measurements; 15 studies were complete and published at the time of writing ([@bb0050]; [@bb0105]; [@bb0055]; [@bb0065]; [@bb0155]; [@bb0020]; [@bb0025]; [@bb0085]; [@bb0090]; [@bb0095]; [@bb0140]; [@bb0145]; [@bb0150]; [@bb0170]; [@bb0185]), one study had been terminated because of poor accrual ([@bb0160]), and unpublished data for one ongoing study were provided by Amgen ([@bb0005]). Available data from all 17 studies were included in the analyses. Thirteen of the 17 included studies were worldwide, multicenter trials ([@bb0050]; [@bb0105]; [@bb0005]; [@bb0055]; [@bb0065]; [@bb0155]; [@bb0020]; [@bb0025]; [@bb0085]; [@bb0140]; [@bb0145]; [@bb0150]; [@bb0170]).

The outcome measures reported varied between studies, so none of the analyses included data from all studies. Two studies met the inclusion criteria for our systematic review but did not contribute data to any of the analyses: one study was a comparison of different dose schedules for a single intervention ([@bb0090]), and the other reported uNTX data only as median (standard deviation) at baseline and follow-up, so the percentage change from baseline could not be calculated ([@bb0160]). Where reported, the SRE definition was consistent across the included studies, except for one study ([@bb0170]) that included hypercalcemia of malignancy in its definition of SRE.

Overall, there was a low risk of bias associated with randomization, allocation concealment, and blinding of research staff, patients, and outcome assessors. There was evidence of unclear bias for selective outcome reporting, because results were not presented for all the outcome measures specified in the protocol or methods. Most of the included studies were rated as having an unclear risk of bias for incomplete outcome data because bone marker data were, or appeared to be, reported for only a subset of the study population. One study was classified as having a 'high' risk of bias for other criteria ([@bb0160]) because, although results were reported in the trial registry entry, the study had been terminated early as a result of poor accrual.

3.2. Relationship between change in uNTX and risk of SRE {#s0050}
--------------------------------------------------------

A summary of the results of studies that reported data for both SRE outcomes and uNTX and that contributed data to one or more analyses is provided in [Table 1](#t0005){ref-type="table"}.Table 1Summary of results for SRE outcomes versus change in uNTX.Table 1StudyTreatment 1 (number of subjects)Treatment 2 (number of subjects)Log (HR) SRE\
(SE)Log (RR) SRE (SE)uNTX\
group difference of log (week 13/baseline)uNTX\
group difference of log (final/baseline)Amgen 2017 ([@bb0005])Denosumab\
120 mg SC Q4W (859)Zoledronate\
4 mg IV Q4W (859)−0.0156\
(0.0733)−0.0185\
(0.0542)−0.17--Berenson 2001 ([@bb0025])Zoledronate\
4 mg IV Q4W (67)Pamidronate\
90 mg IV Q4W (73)NR0.0858\
(0.2496)−0.3848--Fizazi 2009 ([@bb0050])\
Denosumab, multiple doses combined (74)Zoledronic acid/\
pamidronate\
IV Q4W (37)−0.9586\
(0.6728)−0.6932\
(0.5411)−1.18--Fizazi 2011 ([@bb0055])\
Denosumab 120 mg SC Q4W (950)Zoledronate\
4 mg IV Q4W (951)−0.1970\
(0.0749)−0.1229\
(0.0585)−0.65--Henry 2011 ([@bb0065])Denosumab\
120 mg SC Q4W (886)Zoledronate\
4 mg IV Q4W (890)−0.1777\
(0.0823)−0.1455\
(0.0666)−0.39--Jiang 2016 ([@bb0095])Denosumab\
120 mg SC Q4W (326)Zoledronate\
4 mg IV Q4W (159)NR−0.2480\
(0.3913)−0.3149--Lipton 2007 ([@bb0105])\
Denosumab, multiple doses combined (212)Zoledronic acid/pamidronate/ ibandronate\
IV Q4W (43)−0.3585\
(0.4260)−0.2832\
(0.3916)−0.12--Rosen 2001 ([@bb0140])Zoledronate\
4 mg IV Q3/4W (563)Pamidronate\
90 mg IV Q3/4W (556)−0.0834\
(0.0887)−0.0464\
(0.0659)−0.3112--Rosen 2003 ([@bb0145])\
Zoledronate\
4 mg IV Q3W (254)Placebo IV Q4W (247)−0.3106\
(0.1402)−0.2133\
(0.1039)NR−0.9029\
(week 36)Saad 2002 ([@bb0150])Zoledronate\
4 mg IV Q3W (214)Placebo IV Q3W (208)−0.4050\
(0.1497)−0.2876\
(0.1244)−1.2448--Stopeck 2010 ([@bb0155])Denosumab\
120 mg SC Q4W (1026)Zoledronate\
4 mg IV Q4W (1020)−0.1977\
(0.0769)−0.1722\
(0.0625)−0.43--Theriault 1999 ([@bb0170])\
Pamidronate\
90 mg IV Q4W (182)Placebo IV Q4W (189)NR−0.1815\
(0.0830)NR−0.3207\
(week 96)Zhao 2011 ([@bb0185])Zoledronate\
4 mg IV Q3W (30)Placebo IV Q3W (29)NR−0.0339\
(0.6574)−1.2354--[^3]

### 3.2.1. Log (HR) SRE versus week 13 data for change in uNTX {#s0055}

Eight studies contributed data to the analyses of HR of SRE versus week 13 data for change in uNTX ([@bb0050]; [@bb0105]; [@bb0005]; [@bb0055]; [@bb0065]; [@bb0155]; [@bb0140]; [@bb0150]). uNTX data were estimated from figures in three studies ([@bb0050]; [@bb0140]; [@bb0150]). Meta-regression indicated a positive association between uNTX reduction, measured by the between-group difference of the natural logarithm of the ratio between uNTX at week 13 and baseline, and SRE risk reduction, measured by the natural logarithm of the HR for time to first SRE between the two groups (uNTX effect on SRE risk defined as SRE HR increase corresponding to one log unit smaller in the magnitude of uNTX reduction: 0.3560, 95% CI 0.0249--0.6871; *P* = .0390, R^2^ = 0.7360; [Fig. 2](#f0010){ref-type="fig"}). The positive slope indicates a positive relationship between HR and the log difference in uNTX, thus the closer the difference of uNTX is to zero, the larger the HR. A 'one log unit smaller' reduction for uNTX reflects a one unit increase towards zero for uNTX difference. Thus, as the value for uNTX decreases from baseline, the risk of SRE is lowered.Fig. 2Log (HR) of SRE versus group difference of log (week 13/baseline) in uNTX\*.\*Data are illustrated using a circle to represent an individual study, and the size of the circle is proportional to the inverse of variance of log (HR) (or log \[RR\] of SRE if log \[HR\] is missing) for an individual study.Fig. 2

Eleven studies contributed data to the sensitivity analyses of HR of SRE versus change in uNTX from baseline to week 13, with imputing of missing HR with RR. The analysis still indicated a statistically significant positive association between log (HR) of SRE and group difference of uNTX in log (week 13/baseline) (uNTX effect 0.3441; 95% CI 0.0424--0.6458; *P* = .0297, R^2^ = 0.6409).

### 3.2.2. Log (HR) SRE versus data after week 13 or final data for change in uNTX {#s0060}

Nine studies contributed data to the analyses of HR of SRE versus change in uNTX, which included data for change at week 13 or later ([@bb0050]; [@bb0105]; [@bb0005]; [@bb0055]; [@bb0065]; [@bb0155]; [@bb0140]; [@bb0145]; [@bb0150]). uNTX data were estimated from figures in three studies ([@bb0050]; [@bb0140]; [@bb0150]). The results of the meta-regression analyses showed similar positive association to those of the analyses that included only week 13 data (uNTX effect 0.3537; 95% CI 0.0605--0.6469; *P* = .0246, R^2^ = 0.7660; [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Log (HR) of SRE versus group difference of log (after week 13 or final/baseline) in uNTX\*.\*Data are illustrated using a circle to represent an individual study, and the size of the circle is proportional to the inverse of variance of log (HR) (or log \[RR\] of SRE if log \[HR\] is missing) for an individual study.Fig. 3

Thirteen studies ([@bb0050]; [@bb0105]; [@bb0005]; [@bb0055]; [@bb0065]; [@bb0155]; [@bb0025]; [@bb0095]; [@bb0140]; [@bb0145]; [@bb0150]; [@bb0170]; [@bb0185]) contributed data to the sensitivity analyses of log (HR) of SRE versus change in uNTX from baseline to week 13 or final value by imputing missing HR with RR. Similar to the previous analyses, a statistically significant positive association was indicated (uNTX effect 0.3260; 95% CI 0.0614--0.5906; *P* = .0202, R^2^ = 0.6260).

3.3. Results of meta-regression for bone ALP data {#s0065}
-------------------------------------------------

Similar analyses were used to evaluate the association between bone ALP and SRE. A statistically significant positive association between bone ALP and SRE was observed, except for log (HR) of SRE versus change in bone ALP from baseline to week 13 or final value, with imputing of missing HR by RR (bone ALP effect 1.317; 95% CI --0.0163 to 0.5671; *P* = .0619, R^2^ = 0.3423).

4. Discussion {#s0070}
=============

The results of the meta-regression analyses indicate that reduction from baseline in the bone turnover marker uNTX at the earliest time of steady state may be associated with reduced risk of an SRE. Statistically significant positive associations were seen between uNTX reduction, measured by the between-group difference of the natural logarithm of the ratio between uNTX at week 13 and baseline, and SRE risk reduction, measured by the natural logarithm of the HR for time to first SRE between the two groups. For two studies that compared multiple doses of the same treatment, combined results over all doses were used (data provided by Amgen); otherwise, only the licensed dose was included in the analyses (Supplementary Table 1). Sensitivity analyses imputing missing data for HRs with RRs also confirmed the association. The results suggest that uNTX may be a useful surrogate marker for the risk of SREs. Findings were similar for the exploratory analyses of the relationship between change in bone ALP and risk of SREs.

Previous primary studies have investigated bone turnover markers as prognostic factors in cancer patients with bone metastases through regression modeling. Baseline elevated uNTX ([@bb0125]), elevated NTX, C-telopeptides, bone ALP, and NTX at 3 months have been reported to be independent predictors of survival outcomes ([@bb0015]; [@bb0110]). However, where multivariate regression analyses considered SREs as the dependent variable, elevated NTX, C-telopeptides, and bone ALP at 3 months were not found to be a significant predictor ([@bb0125]; [@bb0015]). Our study was conducted to investigate the potential association between a reduction in markers of bone turnover at the earliest time of steady state and a reduction in the longer-term risk of SREs.

Extensive literature searches were conducted to maximize the retrieval of relevant studies. These included electronic searches of a variety of bibliographic databases, as well as screening of clinical trial registers to identify unpublished studies. There were no limitations on language or outcome measures. However, few studies were identified that compared two or more relevant interventions and reported both SREs and bone marker data. There is also a possibility of publication bias, that is, our search strategy may have excluded small studies. As can be seen from the details provided in Supplementary Table 2, most of the studies were excluded because they did not assess both SREs and bone marker outcomes. However, the review process followed recommended methods to minimize the potential for error and/or bias ([@bb0075]; [@bb0030]). Studies included in this review were assessed for risk of bias using the Cochrane risk-of-bias tool ([@bb0080]).

Several limitations exist in the present analyses. As this study was based on aggregated data derived from a literature-based review, while the standard also requires individual patient data, our meta-analytical approach can only be regarded as a first step towards this issue and must be confirmed at the individual patient level. Besides, because of the small number of published trials that required both uNTX and SRE data, we were not able to differentiate between the different mechanisms of drug activity. Therefore, re-evaluation according to the different mechanisms of drug activity is also necessary as soon as a larger set of studies becomes available.

From a clinical perspective, it is important that treatment should not be stopped based on reduction in bone turnover markers alone as this does not necessarily indicate maintenance of a clinically favorable outcome, and the time frame being explored in these analyses was only to week 13 for bone turnover markers, assuming that the markers reached steady state, given continuous treatment, at week 13.

5. Conclusions {#s0075}
==============

The findings of this systematic review and meta-regression support the hypothesis that there is a statistically significant positive relationship between uNTX reduction at week 13 from baseline and SRE risk reduction between two groups of adult patients with bone metastases from solid tumors (including breast, lung, prostate) or bone lesions from multiple myeloma. This finding is consistent with the associations between the log ratio (week 13/baseline) of uNTX and log (HR) of an SRE, and between the log ratio (week 13 or later/baseline) of uNTX and log (HR) of an SRE. Imputation of missing HRs with RRs also confirmed this finding.

Based on the review of the literature, markers of bone turnover such as uNTX may be potential surrogate markers for SREs. Further research is warranted to confirm these findings.
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